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Introduction. Influenza remains the major cause of 
mortality and morbidity among respiratory diseases. 1,2 
Until very recently, there were only two options avail- 
able to reduce the impact of the influenza virus; (1) 
vaccines, which although effective are underutilized and 
not completely protective because of frequent antigenic 
shift in the viral surface protein$, and (2) the antiviral 
drugs, amantadine and rimantadine, which are limited 
in their effectiveness because of the rapid emergence of 
resistant viral strains and lack of activity against 
influenza B vims. 3 

Hemagglutinin and neuraminidase (NA), the two 
glycoproteins on the surface of the influenza virus, have 
long been considered as potential antiviral targets. 4 
Neuraminidase cleaves terminal sialic acid residues 
from glycoconjugates, promoting the release of newly 
formed virus particles from infected cells. Studies with 
a neuramimdaae-deficient influenza virus have shown 
that the mutant virus is still infective but the budding 
virus particles form aggregates or remain bound to the 
infected cell surface. 5 Thus* influenza neuraminidase 
has been considered an attractive target for the devel- 
opment of new drugs for influenza. 

Recently, two influenza neuraminidase inhibitors, 
zanamivir (3, 2,4-dideoxy-2 ) 3-didehydro-4-guanidino- 
sianc acid; Relenza) from Glaxo Wellcome end Biota and 
oseltamivir (ethyl 4-acetamido-5-amino-3-(l-ethylpro- 
poxyM-cyclohexene-l'Carboxylate; Tamiflu) from Hoff- 
man La Roche and Gilead Sciences, have been approved 
by the FDA for the treatment of influenza, 6 7 Zanamivir 
is administered by oral inhalation, and oseltamivir is a 
prodrug that is converted to the active form, GS4071 
(4), Upon oral adininistration. Here, we report the design 
and synthesis of a new class of potent and selective 
influenza neuraniinidase inhibitors that are structurally 
different from sialic acid (1) and its analogues and are 
orally active against both influenza A and B viruses - 

* To whom correGpandence should bo addressed. Tel: 205-444-4606. 
Fax: 205-444-4640. E-mail: babu@biocryst.com. 

* Australian National University. 

f Present address: SXDDCO, 9040 S. Rita Kd., #2238, Tucson, A2 
B3747. 
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Inhibitor Design. The sialic acid analogue, 2-deoxy- 
2,3-didehydro-AT-acetylneuraminic acid (DANA, 2> was 
reported to be an inhibitor of influenza neuraminidase 
with an lC 5 o value of 5-10 pM * The crystal structures 
of influenza A neuraminidase completed with sialic acid 
and DANA have been reported previously. 1 * The interac- 
tions of DANA with the enzyme are characterized by 
both strong charge— charge interactions and limited 
hydrophobic contacts. Figure 1 shows the active site 
consisting of four binding pockets: (1) an acid pocket 
where the carboxylic acid of DANA has hydrogen bond 
interactions with a triad of arginine residue!;; (residues 
118, 292, and 371), (2) an acetamido binding pocket that 
has a hydrophobic patch formed by Trp 178 and He 222 
and a buried water molecule, (3) the glycerol binding 
pocket, and (4) the fourth pocket into which the C4- 
hydroxyl of DANA is positioned. A water molecule 
surrounded by negatively charged residues character- 
izes the fourth pocket. 

Our main objective was to develop novel, orally active, 
potent, and selective inhibitors of influenza neuramini- 
dase. This led us to explore ring structures that are 
different from sialic acid and its analogues. We also 
concentrated on replacing the glycerol side chain, which 
may interfere with oral bioavailability. 10 oj^-6-Acetyl- 
amino-3,6-dideoxy-D-glycero-altro-2-nonulofarano3nn- 
ic acid (5) ia known to inhibit influenza neuraminidase 
with a potency comparable to that of DANA. 11 While it 
has the same substituents as DANA and sialic acid for 
interaction with the four binding pockets of the active 
site, their arrangement on the ring is very different. On 
the basis of crystallographic studies of DANA and of 
sialic acid bound to neuraminidase, it has been proposed 
that DANA mimics the transition state and hence has 
improved potency over sialic acid. 12 Even though the 
central ring structure of compound 5 is different from 
that of DANA, its comparable potency to DANA's led 
us to investigate the crystal structure of 6 bound to N9 
influenza neuraminidase that revealed some interesting 
and important features. The superposition of NA com- 
plexes containing DANA and compound 5 shows that 
the ring in 5 is significantly displaced from the pyranose 
ring of DANA (Figure 2). However, the main functional 
groups (carboxylic acid, glycerol, acetamido group, and 
C4-bydroxyl group) in both the complexes have the same 
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Figure 1. Binding of DANA (2) to influenza A neuraminidase 
N9 showing the four binding pockets (depicted as transparent 
surfaces) in the influenza A neuraminidase N9 active fiite. 



Figure Superposition of compounds 2 (ball-and-sticlc) and 
5 (liijuoritw) in the conformationa of the molecules when bound 
to influenza A neuraminidase N9. 

relative positions in the active site and have similar 
interactions with the enzyme. This crystal structure 
demonstrates that what is important for potent neur- 
aminidase inhibition is not the absolute position of the 
ccntraJ ring but rather the relative positions of the 
interacting groups. This is a critical point in an active 
site that is predominantly charged such as NA, since 
electrostatic interactions are highly dependent on the 
relative positions of the interacting groups. 
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Cyclopentane Scaffold. The crystal structure of 
compound 5 comolexed with N9 neuraminidase and its 
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activity against influenza neuraminidase suggested to 
us that a cyclopentane ring might be a suitable scaffold 
for a novel neuraminidase inhibitor. Compound 6 wan 
designed to exploit the charged nature of the fourth 
pocket and was initially used for modeling cyclopentane 
neuraminidase inhibitors. This compound was synthe- 
sized as a raeemic mixture, and its crystal structure 
bound to N9 neuraminidase revealed that the guanidino 
group occupies the fourth binding pocket replacing the 
existing water molecule and is involved in charge-based 
interactions with residues Asp 151, Glu 119, and Glu 
227. This mode of binding for the guanidino group is 
analogous to the one observed in the crystal structure 
of zanamivir with influenza A neuraminidase, 0 

On the basis of the crystal structure of compound G 
with neuraminidase, structure 7 was modeled to exploit 
the small hydrophobic surface in the neuraminidase 
active site formed by Ala 246, He 222, and the aliphatic 
part of the side chain of Arg 224. The n-butyl side chain 
was designed to make hydrophobic contacts with these 
residues. The compound has asymmetric centers at the 
Cl, C3 } C4, and Cl' atoms of the cyclopentyi ring. In 
the initial synthesis, no efforts were made to fix the 
stereochemistry at the substituent positions of the ring. 
The only constraint during synthesis of compound 7 was 
to fix the guanidino group to be trans to the 1-acetyj- 
aminopentyl group. This lack of constraint led to a 
mixture of fouT racemates in the final compound. 
Neuraminidase crystals were used to select the moEit 
active isomer from this mixture. This was don* by 
soaking a crystal of influenza neuraminidase in a 
solution of the isomers for 1 day and then collecting 
X-ray diffraction data from the crystal at a resolution 
of 2.5-2.0 A. The resultant difference electron density 
in the active site of neuraminidase displayed unambigu- 
ously the stereochemistry of the active isomer. The 
structure of the bound isomer in the active site revealed 
that the carboxylie acid and 1-acetylaminopentyl group 
are trans to each other while the guanidino and car- 
boxylic acid groups are cis to each other. This is not the 
expected stereochemistry of the active isomer based on 
the crystal structure of compound 6 with N9 neuramini- 
dase where the carboxyHc acid and acetylaminomethyl 
groups are cis to each other while the guanidino and 
carboxylic acid groups are trans to each other. The 
absolute configuration at C4 having the guanidino group 
is R in compound 7 and S in compound 6 as observed 
from the crystal structures of the complexes with the 
N9 enzyme. As a consequence of these differences in the 
stereochemistry, the guanidino group of compound 7 is 
oriented differently into the fourth pocket compared to 
the guanidino group of compound 6 and zanamivir. 

Structural Comparison of Complexes of Com- 
pound 7 Bound to Influenza A and B Neuramini- 
dases. X-ray crystallographic studies of compound 7 
bound to influenza neuraminidase show that the same 
isomer is bound in both influenza A and B neuramini- 
dase active sites. Interestingly, the n-butyl side chain 
of compound 7 adopts two different binding modes in 
the two structures (Figure 3). The n-butyl side chain in 
the influenza B neuraminidase active site is positioned 
against a hydrophobic surface formed by Ala 246, llo 
222, and Arg 224. However, in influenza A neuramini- 
dase active site, thft n-hutvl si do chain nccuniefi a region 
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Figure 3. Superposition of compound 7 bound to influenza 
A N9 (green) and influenza B/Lee (vgIIow) neuraminidases. 
The protein side chains are from influenza A neuraminidase 
N9 active site. 

formed by the reorientation of the side chain of Glu 276. 
In its new position, Glu 276 forms hydrogen bonds with 
the guanidino group of Arg 224. A similar rearrange- 
ment of Glu 276 is reported in the crystal structures of 
GS4071 and the carboxamide analogues of zanamivir 
bound to neuraminidase. 7 ' 13 In addition, the crystal 
structure of compound 7 bound to influenza A neuramini- 
dase shows some rearrangement of water structure in 
the acetamido binding pocket involving interactions 
with the NH of iV-aeetyl group. 

The differences in the conformation of the rt-butyl side 
chain in influenza A and B neuraminidase active sites 
could he due to small but critical differences in this 
highly conserved active site. It is possible that the 
rearrangement of Glu 276 is energetically less favorable 
in influenza B neuraminidase than in influenza A 
neuraminidase, It has been reported that the region 
surrounding Glu 276 is hydrophobic in influenza B but 
hydrophilic in influenza A. 1 * The hydrophobic environ- 
ment of Glu 276 in influenza B neuraminidase might 
be preventing the rearrangement of the Glu side chain, 
forcing the n-butyl moiety tn occupy the already existing 
hydrophobic surface. Differences in the binding of 
inhibitors to influenza A and B neuraminidases, though 
not as dramatic as here, have been reported previ- 
ously. 13 

Design and Selection of 8. We designed structure 
8 to take advantage of both the hydrophobic pockets in 
the active site. Again, this compound was synthesized 
as a racemic mixture, and the crystal structure of 
compound 8 bound to influenza A neuraminidase was 
used to identify the active isomer (Figure 4). The active 
isomer was then synthesized using a stereospecific 
synthesis (Scheme 1). The crystal structure showed that 
the active isomer was the same as that of compound 7, 
and there was a similar altered orientation of the 
guanidino group in the fourth pocket compared to the 
guanidino group in zanamivir. The guanidino group 
displaces the existing water molecule in the fourth 
pocket and has interactions with the enzyme that are 
similar to that of compound 7. These differences in the 
orientation of the guanidino group (Figure 5) and the 
resultant differences in the interactions with the resi- 
dues in the active site have implications in the cross- 
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Figure 4. Binding qf 8 in influent A neuraminidase N9 
active wite. Small spheres are wator molecules in the twtive 
site. Side chains interacting with 8 are displayed, whilij rest 
of the protein is represented as a surface. 

Scheme 1" 
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reactivity of the influenza viruses resistant to zanarruvir 
since they are known to have mutations in this part of 
the active site. The significance of these differences in 
the orientation of the guanidino group in the fourth 
pocket of the NA active site is emphasized by the 
observation that S retains its inhibitory activity against 
the zanamwir-resistant Glu 119 G]y variant of influenza 
A neuraminidase. 14 - 15 This is in spite of the fact that 
both zanamivir and 8 have a guanidino group that 
occupies the fourth pocket of the NA active site and:Glu 
119 is part of this pocket (Figure 1). The 2'-ethyl group 
□f the l f -acetyiaimno-2^ethylbutyl group points intolthe 
hydrophobic pocket created by the rearrangement of the 
Glu 276 side chain, while the other ethyl group points 
toward the hydrophobic surface formed by the hydro- 
carbon chains of Arg 224 and He 222 (Figure 4 1. The 
crystal structure identified the isomer to be (l£,2S,3nV 
4fl, l'S}-3-( I'-acetylamino^'-ethy^butyl-^Kaminoimino}- 
methyl]amino*2-hydroxycyclopentane- 1-carboxylic acid 
(8). 

Synthesis of 8. Compound 8 was prepared according 
to the route shown in Scheme 1. The starting material, 
(-Mactam (2-azabicydoL2,2.1]hept-5-en-3-one; AJdrich) 
9 7 was hydroJyzed with methanolic HCl; the resultant 
amino ester on reaction with Boc anhydride produced 
compound 10. Cycloaddition (3+2) of compound 10 with 
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Figure 5. Superposition of 8 (orange) and 3 (blue) as they bound in influenza neuraminidase N£» active site to show the differences 
in the binding of the guanidino group and its interactions with the enzyme. The small red sphere is the water molecule that, 
interacts with the nitrogen of the acetamido group of 8. The crystal s tincture of zanaraivir bound to influenza neuraminidtfHe N9 
was done at BioCryst Pharmaceuticals, Inc. and is similar to the published structure. 



Table 1, TC.no Values for Influenza Neuraminidase Inhibition 

_ 



compel 


influenza A 


influenza B 


2 


10 AM* 


nd 


3 


0.3-2.3nM p 


1.5-17 nMrf 


4 


0.01-2.2 nM f 


6.4-24.3 nM<' 




40 fiM*' 


nd 


6 


115 iM h 


nd 


7 


0.1 /iM* 


nd 


8 


0.1-1.4 nM c 


0.6-11 TiM rf 



" I0f.it valutas ata the mean af 2—7 measurements; nd T not 
doLbrtoined. b Measured using purified N9 neuraminidase enzyme. 
c The range of values represent measurements against 15 different 
strain* of the influenza A virus, d The range of values represent 
measurement* against 8 different Strains Of thu influenza B virtu;. 

phenyl isocyanate, and triethylamine gave cycloadduct 
11 and other isomers (^10%). Cycloadduct 11 was 
isolated from the mixture of isomers and was hydroge- 
nated in methanol with an equivalent amount of aque- 
ous HC1 in the presence of PtOa at 100 pat to give an 
amine hydrochloride, which was reacted with acetic 
anhydride to give the corresponding N-acetyl derivative 
12, Compound 12 on reaction with ethereal HC1 gave 
deblocked amine 13. Compound 13 on guanylation with 
pyrazole carboxamidine hydrochloride in DMF in the 
presence of dusopropylethylamine gave the correspond- 
ing guanidino ester, which on hydrolysis with NaOH 
gave the desired compound 8. 

In Vitro Neuraminidase Inhibition. Compound 8 
was tested using a fluorimetric assay 10 for its ability to 
inhibit neuraminidase from several strains of influenza 
A and B viruses (Table 1), These data suggest that the 
in vitro potency of 8 is either comparable or superior to 
; that of zanamivir and GS4071. The specificity of 8 for 

influenza neuraminidase waa investigated by comparing 
its inhibitory activity with that for bacterial and mam- 
malian neuraminidases and found to be at least 4 orders 
of magnitude less inhibitory of neuraminidases from 
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Table 2. Oral Efficacy of Compound £ in Tnfl uenza Mouw» 
Model 



virus 


dose* 
mj*/k^day 
b.i.d. 


survival 


muto day 
to death 


A/Turkey/Mase/76 X A^eil'inff/ 


1-0 
















0.1 


7/9* 


f).0 ± 1.0 




0 


1V9 


8.8 iJ. 0.8 



*P 0,05, * *P < 0.001 compared to dope = 0, 

these sources (data not shown). Taken together, the in 
vitro data show that 8 is a potent and liighly specific 
inhibitor of influenza neuraminidase. 

Oral Efficacy of Compound 8 in Mouse Influ- 
enza Model. Anesthetized mice (13—16 g) were infctcted 
intranaaally with an approximate LD90 dose of the 
A/Turkey/Mass/76 X A/Bejjing/32/92 (H6N2) influenza 
virus. Oral treatment with compound 8 (prepared in 
0.5%- CMC) was started 4 h prior to virus? exposure and 
continued daily for 5 day*. Nine mice were used in each 
of the drug and saline-treated groups, while five unin- 
fected mice served as a normal control. Mice were 
examined daily for 21 days. Parameters for evaluation 
of antiviral activity included reduction in weight loss, 
prevention of death, and/or increase in mean day to 
death determined through 21 days. Table 2 shows that 
compound 8 was efficacious at a dose as low as 0.1 mg/ 
kg/day bi.d. (7/9 survived in the treated infected group 
while there was only one survivor in the untreated 
infected group). 

Conclusions* We have discovered through struefcure- 
based drug design a novel, potent, selective, and orally 
active influenza neuraminidase inhibitor (8) that is 
structurally different from existing neuraminidase in- 
hibitors. Protein crystallography was used to screen 
compounds containing mixtures of isomers in ordor to 
identify, the active isomer. This is probably the first time 
where this technique has been used extensively in the 
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successful identification of anew enzyme inhibitor. We 
believe that this approach pf analyzing ligands bound 
to protein crystals has wide applicability for screening 
mixtures af compounds to identify the active compound. 
Due to its in vitro and in vivo activity against influenza 
j 1 A and B, further studies with 8 in humans are war- 
I ranted, and it is currently in human clinical trials for 
the management of influenza. 

Acknowle dgment. The authors thank Dr. Scott 
Rowland for many helpful discussions and computer 
graphics illustrations; Drs. Brent Cole and Naiming dm 
for help in X-ray diffraction data collection and process- 
ing; Ms. Debbie Kellogg for assistance in animal efficacy 
studies; and Dr. Teteua Shiba of the Protein Research 
Foundation, Osaka, Japan, for providing a sample of 5 
for our crystallography studies. Finally, we also grate- 
fully acknowledge the constant encouragement and 
support from Drs. Claude Bennett and Charlie Bugg 
throughout this project. 

Supporting Information Available! Experimental de- 
tails about X-ray crygtallographic data collection and process- 
ing. This material is available free of charge via the Internet 
at http://pubs,acs,org. 

References 

(1) Monto, A. S., Iacuzin, I. A.; LaRflontague, J. JL Pandemic 
Influenza-confronting a reomergent threat. J. Infect, Dis. 1987, 
m % 61-53. 

(2) Glezcru W. P. Serioufl morbidity and mortality associated with 
influenna epidemics. Epidemiol, Rev, 1982, 4, 25-44. 

(3) Hayclcn, F. C; Couch, K. B, Clinical and epidemiological 
importance of influenza A viruses resistant to amantadine And 
rimantadine. ticv. Med. Viral. 1992, 2 t 89-36. 

(4) Webster, E- G.; Reay, P. A-; Lavcr, W. Q. Protection against 
lethal influenza with neuraminidase. Virology 1988, 164, 230- 
237. 

(5) Liu. C; fcichfclberger, M, C; Company, R. W.; Air, G. M. 
Influenzal type A Virus neuraminidase does not play a role in 
viral entry, replication, assembly or budding;. J. Virol, IMS, 69, 
1099-llOfi. 

(6) von Iteetcin, M.; Wu. W.-Y.; Kpk, G. B.; Peg*, M. S<; T>ywr\ J. 
C; Phan, T. V.; Smythc, M. L.; While, H. F,; Oliver, S. W.; 
Colman, P. M; Varfiheae. J. N.; ftyan, D. M_; Woods, J. M.; 



&HUTZ 2022936229 P. 18/18 



Communications to the Kditor 

Jlethell, R. C; Hotham, V. J.; Cameron, J. M; Penn, C. R. 
Rational duaign of potent sJaHdase-baaed inhibilOra of inttueeiisa 
virus replication. Nature 1993, 363, 418-423. 

(7) Kim, C. V.; Uw, W.; Williams, M, A,; Liu, PL T. ; Zhang, L. J.; 
Swamtnathan, S.; Bischofberger, N.; Chen, M. S.; Mondel, D, 
B.; Tai, C. Y.; Laver, W. G,; Stevenfl, K. C. Influenza neurftmuri- 
daae inhibitors poasaunne; a novel hydrophobic interaction in the 
enzyme active site: design, Synthesis, and Structural analyst* 
of carbocycuc sialic acid analogues with potent anti-iuflucrissa 
activity. J. Am. Chzm. Soc. 1B97, 119, 681-690. 

(8) Meindl, P.; Bodo, G.; Palese, P.; Schulman, J.; Tuppy, H, 
Inhibition Qf neuramiriidaee activity by derivatives of iMeoxy- 
S^-dGhydro-N-acety>ncuramiTiic add. Virology 1»74, 58, 457- 
463. 

(9) Bosaaxt-Whifcaker, P/> Carson, M.; Babu> Y. S.; Smith, C. IX; 
Laver, W. G.; Air, Q. M. Three-dimensional structure orinfluonea 
A N9 neuraminidase and ita complex with inhibitor 2'doOxy- 
2,3^ehydrD-W-9CCtyl-neiirairumc acid. J. Mol BiM* IflflS, 233, 
1069-1083. 

(10) Nohle, U.; Beau, J. M.; Schaucr, R. Uptake, raotaboliara and 
excretion of orally administered double-labeled Af-glycolnyN 
neuraminic acid nnd single-labeled S-dcoxy-S^dehydro-A^* 
acetylneu^-anUnic acid in rnouac and rat Eur. *}. Biochem. 1982, 
12$, 543-548. 

(11) Yamamoto, T.; Kumazawo, H.; Innmi, K.; Tushhna, T.; Shiba. 
T. EtynlheaiB of sialic acid isomers with inhibitory activity ai$uxlBt 
neuraminidaee. Tetrahedron Lett. 19ftfc, -S3, 3791-5794. 

(12) Taylor, N, R.; von Itzsteitt. M. MolecuUr modeling studio on 
bftftnd binding to aialidaec from influenza virus and the mech- 
anism of catalysis. J, Med, Chem, 19M» 37, 016-624. 

(13> TuyloT, N. R.; CleiiSby, A.; fiii^h, O.; Skarzynski, T.; WonacotV-, 
A. J.; Solli*, S. L.; Howen, P. D,; Cherry, P. C; Btrthetl, R.; 
Colman, P.; Varghoae, J. DibydropyrancarbojcaiMidoa related to 
tftinamivir: A new suriea of inhlbitorb of Influenza virua siajj- 
daaea. % Orystallographic and molecular modeling study of 
complexes of 4-anuno^4H-pyran-6-carhoKaraidO'i and Bialidaad 
from influenza virus typed A and fc. 0. Jtfed Chem. lftfifi, 42 , 
798-807. 

(14) Cubareva, L. V.; Schalton. D.; Uaydcn. F. G. Activity of the 
neuraminidase inhibitor RW^27Q201 (BCX-1612) in the neu>- 
arninida&o inhibition fidsayd. II Inter notional Symposium on 
Influenza and other Respiratory Vvmeefi, Dec 10" 12, 199£l; 
Abstract. 

(15) Gubareva, L. V>; Kaiser, L.; Hayden, F. G. Influenza virus 
neuraminidase inhibitors. Lancet 2000, 355, 627-835. 

(16) Potior, M.; Mameli, L.; Beliflle, M.; Dullaire, 1,.; Mtilancon, S. 
&,\ Fluorometric Assay of neuraminidase with a a odium (4- 
methylumbBlbferyl-alpha-D-JV-acatylneuraminftte) substrate, 
Anal Biochem. 1979, 94, 287-296. 



JM0002673 



PAGE 18/18 * RCVD AT 5/24/2004 1:10:43 PM [Eastern Daylight Time] * SVR:USPTO.EFXRF-1/0 * DNIS:8729306 * CSID:2022936229 * DURATION (mm^ssJiOe-a^, p , 



